This paper presents the results of experimental drum granulation of silica flour with the use of wetting liquids with different values of surface tension. Additionally, different liquid jet breakup and different residual moisture of the bed were applied in the tests. The process was conducted periodically in two stages: wetting and proper granulation, during which no liquid was supplied to the bed. The condition of the granulated material after the period of wetting (particle size distribution and moisture of separate fractions) and a change in the particle size distribution during the further conduct of the process (granulation kinetics) were determined.
INTRODUCTION
The agglomerative non-pressure granulation of powders in the flowing layer of material despite some imperfections (the product is polydisperse (Obraniak and Gluba, 2008) , and the mechanical strength of granules is lower in comparison to the granulation obtained in the pressure), is widely applied at the industrial scale. Its advantages include simplicity of the device design and low energy expenditures for conducting the process. Drum granulation is one of the ways to realize this granulation (Obraniak and Gluba, 2011; Obraniak and Gluba, 2012a ). An important element of this way of agglomeration is wetting the bed by means of liquid which by creating the so-called liquid bridges enables to create bonds between the raw material particles (Hapgood et al. 2002; Nguyen et al. 2009 ). This phenomenon which has a significant effect on granulation and its course depends on the amount of the wetting liquid (Marín Rivera et al. 2017; Ramachandran Rohit et al. 2008; Smirani-Khayati et al. 2009 ) and its properties, i.e. viscosity and surface tension (Hotta et al., 1974; Opaliński, 2001; Pepin et al., 2000; Rajniak et al., 2007; Willet et al., 2003) . However, previous theoretical analyses and experimental studies do not enable the unambiguous evaluation of the effect of the bed wetting conditions on the granulation process course.
During the selection of a binding agent, forces occurring during the collision of two spherical particles were analyzed theoretically (Ennis et al., 1990; Ennis et al., 1991) . The authors introduced the Stokes number, the value of which is inversely proportional to the binding liquid viscosity and which does not depend on its surface tension, to describe the phenomenon. This theory was modified by Nienow (Nienow, 1995) , demonstrating the need to take also surface tension of the liquid phase into account. cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe He stated, based on experiments, that the surface tension has a greater effect on the granulation process than the liquid viscosity. Conclusions in both cases are more of qualitative than quantitative nature. Also the effect of non-ionic surfactants on the shape, size and strength of granules was examined (Junnila, 1988) . A mixture of cellulose and corn starch was used as the study material, while aqueous solutions of polysorbate 80 were used to wet the bed. It was found that the addition of a surfactant causes a decrease in the number of fine granules with the simultaneous formation of excessively large granules. The meagerness of results of works concerning particularly the effect of liquid surface tension on the course of flow granulation justifies conducting further studies concerning this question.
AIM OF THE STUDY
The aim of the study was to examine the effect of the bed wetting conditions on the course of drum granulation, and in particular:
 surface tension of the wetting liquid,  the diameter of drops of the wetting liquid,  the residual moisture of the bed.
Description of the research methodology
Granulation trials were conducted in a drum granulator with the diameter of 0.6 m and length of 0.4 m. The drum had 8 lengthwise dividers attached to its internal wall. The drum rotations in all trials were the same and were equal to 15 s -1 . It corresponded to 0.275 ncritical. Adopting such a value of the drum rotational speed enabled to obtain the desired, cascade motion of the material during the whole cycle of the process. The degree to which the drum was filled was also constant and was equal to 15%.
Silica flour, whose granulometric composition is shown in Fig. 1 , was used as the granulated material. The average dimension of flour particles was equal to d 32 (m) = 0.024 mm, while density of loosely heaped bed ρl = 951 kg/m 3 , and concentrated ρz = 1525 kg/m 3 . Distilled water and aqueous solutions of polyoxyalkene glycol ether of lauryl alcohol, under the trade name of Rokanol L4P5, were used to wet the bed. The Rokanol concentration in separate trials was from 0.01% to 0.04%, which caused a significant decrease in the liquid surface tension, and at the same time small changes in viscosity. Properties of solutions used are shown in Table 1 . Wetting parameters were established experimentally based on the initial tests. The wetting liquid was sprayed using a Spraying System Deutschland GmbH pneumatic nozzle with 2050 head. The highest mono-dispersion of the drops jet was obtained at the liquid flow rate of 0.006 m 3 /h and air flow rates between 1.25 and 2 m 3 /h. Four air flow rates were used and the obtained average dimensions of drops d 32 (k) are shown in Table 2 . From the initial tests, it was determined that for dry silica flour, moisture enabling to conduct the granulation process is contained in the range from 0.19 to 0.21 g liquid/g dry matter of the powder. Below this limit value, granulation does not occur, forming only nuclei of nucleation in the bed, without the possibility of their growth to the size of granules. However, after exceeding the upper limit value of moisture, the over-wetted material sticks to the granulator walls. 4 values of moisture were selected for testing: 0.190; 0.195; 0.200 and 0.205 g liquid/g dry matter of the powder, respectively.
The granulation process was conducted in the periodic way in two stages: wetting of the bed and the proper granulation, without supplying the liquid to the granulated material. This imitated the continuous process, during which, in the initial section of the drum, flowing and moving material is wetted, while in the next section only shaping of the product occurs. At the constant liquid flow rate, times of the first stage (wetting) differed from each other and in boundary cases were equal to 841 s and 974 s, respectively.
Following the end of wetting, a sample was taken and its particle size distribution and values of moisture of separate fractions were determined. During the second stage of the process, in which the liquid was not supplied to the bed, samples of the granulated material were taken after 240, 480,960, 1440 and 1920 s, respectively when the process was interrupted, because the phenomenon of sticking the granulated material to the drum occurred. For separate times of granulation, particle size distribution of the granulated material was determined.
RESULTS

The wetting stage
Based on the sieve analysis results of the material samples taken following the wetting, a significant share of the non-granulated material was determined in all granulation samples. The material which passed through a sieve with a mesh size of 1 mm was considered the non-granulated material. The share of this non-granulated part of the material as well as the particle size distribution of the granules obtained after the wetting, depended significantly on the bed wetting conditions. Examples of this are shown in Figs. 2, 3 and 4. The dependence character for different parameter sets is similar in all cases. The effect of wetting liquid drops size is shown in Fig. 2 . It indicates that along with the increase in the dimension of drops, the share of the non-granulated material decreases. The increase in the wetting liquid drop diameter, which results in the increase in the weight of the liquid, enhanced the probability of local overwetting in the bed, which in turn meant creating kernel of granule. The wetting liquid surface tension has a significantly smaller effect (Fig. 3 ). In this case, the amount of the non-granulated material increases along with a decrease in the value of this parameter, which is probably the result of lowering of the mechanical durability of granules and their disintegration during circular movement. However, the amount of the non-granulated material after the period of wetting depends essentially on the residual moisture of the bed (Fig. 4 ). An increase in this moisture means better kernel yielding and an increase in the number of liquid bonds between the material grains, which in consequence significantly decreases the amount of the non-granulated material. For the most beneficial set of parameters in this regard (d 32 (k) = 23.22 µm, γ = 71.9710 -3 N/m and w = 0.205 g liquid/g dry matter), the smallest amount of the non-granulated material equal to 62 % by weight was obtained after the period of wetting. Also the moisture distribution in granules from separate size fractions was examined and it was determined that this distribution is different during the application of the wetting liquid with a different value of surface tension. In all cases in the smallest granules (up to about 5 mm) along with an increase in the granules dimensions, their moisture increased, while for large granules (over 5 mm), this dependence was different during the application of liquids differing in the value of surface tension. For clear water, a further increase in moisture with an increase in granules dimensions occurred, while for the solution with the lowest value of surface tension, a clear decrease in moisture in granules with larger dimensions was observed. During the application of liquid with intermediate values of surface tension, results within these boundaries were obtained. Exemplary results for one of the trials are shown in Fig. 5 . The presented results indicate that a decrease in the wetting liquid surface tension facilitates its penetration to the layer of the granulated material, which intensifies the initial agglomeration process. At the lowest value of the liquid surface tension, particles of the primary material are attached to larger agglomerates more intensively, which causes a decrease in the relative moisture of these large granules.
The stage of proper granulation
During the second stage, the following phenomena occur simultaneously (Heim et al., 2000; Iveson et al. 2001; Obraniak and Gluba, 2012b; Sastry and Fuerstenu, 1973) :  multiple layers of the non-granulated material on the granules formed in the first stage,  smaller granules' bonding,  wearing of the primary material particles (separating from the granules' surface),  breakup of granules with the insufficient strength,  increase in the granule strength as a result of their consolidation.
However, it is assumed that due to the lack of wetting the bed from the primary material (single particles), new nuclei of granules are not formed, and thus the mechanism of enucleation does not occur. The mechanisms enumerated above cause a change in the particle size distribution of the processed material and an increase in the average dimension of particles. As was determined, three wetting parameters changed in tests have a different effect on the process kinetics. This is shown in exemplary Figs. 6, 7 and 8. It follows from them that this kinetics in terms of time used in the tests can be approximated by a straight line obtaining high values of correlation coefficient R 2 . It must be underlined once more that limiting this time resulted from the phenomenon of sticking the material to the granulator walls (liquid was squeezed from the inside of granules to their surface). Consequently, the granulation kinetics in its second stage is described by the equation
in which constant value B is characteristic of the bed condition after wetting, while constant A indicates the rate of the average granule dimension increase during the proper granulation. The increase in the bed moisture as indicated in Fig. 6 , makes the average dimension of particles after wetting (at the beginning of the proper granulation stage) be greater (a higher degree of the material agglomeration). The granulation rate in this second period is also greater. However, the degree of partitioning of the liquid jet, that is the size of drops, has a very small effect on the process kinetics during the proper granulation (Fig. 7) . And although the final product differs in separate trials performed at different liquid partitioning, it is the result of the previous formation of particles during wetting.
A change in the wetting liquid surface tension from about 7210 -3 N/m, to about 5510 -3 N/m, causes significant changes in the granulation rate (Fig. 8) . The value of constant A decreases then from 0.002 to 0.0013, but further decreasing the liquid surface tension does not cause practically any change in this rate. Fig. 8 . The exemplary comparison of the average granule diameter increase for different values of the wetting liquid surface tension (w = 0.2 g liquid/g dry matter; d 32 (k) = 13.13 µm)
The description of granulation product particle size distribution
Equation (1), in which coefficients A and B are dependent on bed wetting conditions, is used to describe granulated material particle size distribution. The results of tests enabled to determine the detailed form of these dependencies. (2) ( 3) where (∆d 32 (g) /t)o is the rate of the average granule dimension increase using basic parameters which were equal to: wo = 0.19 g liquid/ g dry matter; 32 ( ) = 13.13 µm; γo = 35.0410 -3 N/m.
As follows from Eqs.
(2) and (3), the values of power exponents in expressions related to the size of the wetting liquid drops and surface tension of this liquid are in both cases the same, the final form of the dependence describing the process kinetics can be presented by the equation: From the practical point of view, not only the average dimension of particles, but also the dispersion of the granule size in the final product is of interest. They are different at different wetting conditions, as shown in Figs. 9, 10 and 11. Also the residual moisture of the bed affects significantly the value of the asymmetry coefficient (Fig. 14) . In the case of the liquid surface tension, as indicated by Fig. 12 , its decrease causes an increase in the value of the coefficient, which indicates greater dimensional homogeneity of the granulation product. Granules created in these conditions are less mechanically durable, which in turn means a rise in the contribution of smaller granules. However, the effect of the residual moisture of the bed is more complex. An increase in this moisture from 0.19 to 0.195 g liquid/g dry matter results in an increase in the value of both the flattening coefficient and the asymmetry coefficient. Higher values of these coefficients indicate that the product is more monodisperse. However, further increasing the bed moisture leads to greater dispersion of the obtained granule size. This is caused by the fact that more moisturized granules which also achieve bigger final diameter are less prone to destructive mechanisms. Moreover, the excess moisture that is squeezed outside in the later stage of granulation causes binding of granules and building up of not yet granulated material creating big agglomerates.
cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe 
CONCLUSIONS
 The flow granulation process of silica flour is possible from the practical point of view using wetted beds within boundaries from 0.190 to 0.205 g of liquid/g dry matter. A similar limitation is set by the granulation time. When its critical value is exceeded, the material sticks to the drum walls.
 The process course both in the wetting stage and during the proper granulation is affected mostly by the bed moisture. The wetting liquid surface tension and the degree of its partitioning during wetting have a smaller effect and in both cases it is on the same level.
 The size composition of the final granulation product depends on the wetting conditions. It is affected to a different extent by the residual moisture, a degree of bonding liquid partitioning and its surface tension.
SYMBOLS
A,B constants, -K1 modified asymmetry coefficient, -K2 modified flattening coefficient, -
